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In the context of two-dimensional metal-free photocatalyst, we investigate the electronic, op-
tical and excitonic properties of phosphorene derivatives within first-principles approach. While
two-dimensional phosphorene does not catalyze the complete water splitting reactions, O, S, and N
coverages improve the situation drastically, and become susceptible to catalyze the complete reaction
at certain coverages. We find that for all these dopants, 0.25 – 0.5 ML coverages are thermodynam-
ically more stable, and does not introduce midgap defect states and the composite systems remain
semiconducting along with properly aligned valance and conduction bands. Further, within visi-
ble light excitation, the optical absorption remain very high 105 cm−1 in these composite systems,
and the fundamental optical anisotropy of phosphorene remains intact. We also investigate the
effect of layer thickness through bilayer phosphorene with oxygen coverages. Finally we investigate
the excitonic properties in these composite materials that are conducive to both redox reactions.
The present results will open up new avenues to take advantage of these metal-free phosphorene
derivatives toward its outstanding potential in photocatalysis.
INTRODUCTION
Hydrogen is a promising energy carrier, which can be
used along with oxygen in a fuel cell to convert chemical
energy into electricity. [1] Although highly abundant, hy-
drogen occurs in chemical compounds such as hydrocar-
bons and water, which must be chemically transformed
to produce H2. Further, water splitting H2O = 1/2O2 +
H2 is an uphill reaction, and the change is Gibbs free en-
ergy is 237 kJ mol−1, which according to Nernst equation
corresponds to 1.23 eV per electron transfer. [2–4]
In the presence of light, semiconductors may catalyze
the H2O oxidation reaction if the incident photons have
sufficient energy to generate electron-hole (e − h) pairs.
While the hole participates in the oxidation reaction,
H2O + 2h = 1/2O2 + 2H
+, the excited electron drives
the consequent hydrogen reduction reaction 2H+ + 2e =
H2. Since the discovery of photocatalytic water splitting
on TiO2, numerous semiconducting materials have been
proposed. [2–4] Materials that are in focus for the last 40
years consist of d0 transition metals or the post transition
metals with d10 electronic configuration along with the
group VA and VIA ions. [2, 3, 5–10] However, the prac-
tical use of these materials are limited by their inability
to absorb visible light, and fast recombination leading
to insufficient quantum efficiency. Nanoscale materials
with tuneable electronic structure have attracted enor-
mous attention to improve performance. [11] For exam-
ple, solar-to-hydrogen conversion efficiency is increased
up to 16% for TiO2 nanotubes, while that of the bulk ru-
tile phase is only 2%. [12] Further, the two-dimensional
materials pose several advantages due to their tuneable
electronic and optical properties. Moreover, they max-
imize the active surface area, and reduce electron-hole
recombination through minimizing the distance that the
photogenerated carriers travel before reaching catalyst-
water interface, where the reaction takes place. Recent
experiments corroborate these facts, and single to few
layer SnS2, ZnSe, WS2, SnSe, and SnS show order-of-
magnitude improvement in the efficiency compared to
their bulk counterparts. [10, 13–15]
Metal-free photocatalysts are attracting more atten-
tion in recent times due to their corrosion free and non-
toxic nature along with better processability. [16–18] The
quantum efficiency for two-dimensional graphitic-C3N4
is found to be as high as 26.5% under visible light illu-
mination with λ > 395 nm. [19] Another 2D material,
phosphorene, has attracted enormous scrutiny due to its
extraordinary electronic and optical properties; and en-
visioned in electronic, optoeletronic and spintronic appli-
cations. [20–24] Further, anisotropic band structure with
high carrier mobility, tuneable quasiparticle gap between
0.3 to 2.2 eV, [20, 22, 25, 26] and excellent photon absorp-
tion ability in the ultraviolet, visible and near infrared
region [27] indicate phosphorene to be a good photocata-
lyst and deserves concerted attention. [28] While pristine
single layer phosphorene (SLP) has been found to be in-
capable of catalyzing the complete water decomposition
reaction, under the influence of increased pH 8.0, the
SLP is predicted to catalyze both the half-reactions. [29]
Following these, phosphorene based heterostructures and
composites have been investigated, and found to be a
promising route to design new materials, which could
prevent electron-hole recombination in addition to tun-
ing the band edges. [29–31] While MoS2/phosphorene
and WS2/phosphorene 2D heterostructures are not en-
couraging, [30, 31] TiO2@phosphorene show increased
photo-absorption in 250-1200 nm, and concurrent pho-
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2tocatalytic activity. [32] Further, Au-nanoparticle deco-
rated on phosphorene show encouraging photocatalytic
activity. [33]
However, due to the presence of lone-pair electrons, the
single and few-layer phosphorene is not air-stable, and
degrades via oxidation. [34, 35] A protective Al2O3 or
PMMA coating is found to preserve the intrinsic prop-
erties, and are useful for electronic and optoelectronic
devices. [26, 34, 35] In contrast, here we utilize the reac-
tive nature of phosphorene, and investigate the electronic
and optical properties of surface absorbed O, N, and S
in the context of photocatalysis. Indeed, it is reported
recently that hydroxyl-functionalized black phosphorus
nano-sheets are excellent photocatalyst for visible light
(λ > 420 nm) H2 evolution with better activity than
graphitic-C3N4. [36] Here, we find that 0.25 – 0.5 ML
coverages are thermodynamically most stable, and the
band edges align to water redox potentials. Further, the
absorption coefficient is found to be very high, 105 cm−1
in these derivatives. Finally, the excitonic properties are
studied and discussed in the context of photocatalysis.
COMPUTATIONAL DETAILS
Calculations were based on the first-principles density
functional theory within the projector augmented wave
formalism, and the wave functions were expanded in the
plane wave basis with 500 eV cutoff. [37–39] The ex-
change correlation energy was described with Perdew-
Burke-Ernzerhof (PBE) functional form of generalized
gradient approximation. [40] All the structures were fully
optimized including volume until the force components
were less than 0.01 eV/A˚ threshold. At least 15 A˚ of vac-
uum space was adopted along the z-axis to avoid the peri-
odic interaction. Absorption energies of PxXy (X=O, N,
S) were calculated by Ea =
1
y [E(PxXy)−E(Px)− yµX],
where x and y are the number of P and X atoms in cell
used in the calculation. E(PxXy) and E(Px) are the
energies of SLP with and without X-absorption, while
µX is the chemical potential of X. Single atom absorp-
tion was studied with a 4×3 supercell, and a 8×8×1 Γ-
centred Monkhorst-Pack k-grid was used to sample the
Brillouin-zone. [41] Energetics of the structures with var-
ied X-coverage Θ (1, 0.5, 0.25, 0.125 and 0.0625 mono-
layer, ML) were studied with a 4×4 supercell, along
with 8×8×1 k-grid. Further, the electronic structure is
calculated within the computationally expensive Heyd-
Scuseria-Ernzerhof (HSE06) hybrid exchange-correlation
functional, [42, 43] and depending on the coverage a min-
imal (super)cell were used. For 1, 0.5, 0.33, 0.25, 0.125
and 0.0625 ML coverages, we used 1×1, 2×2, 2×3, 4×1,
4×2, and 4×4 supercell with commensurate k-meshes,
17×17×1, 8×8×1, 8×6×1, 4×17×1, 4×8×1, and 4×4×1,
respectively. We incorporated the van der Waals inter-
action within DFT-D3 method along with Becke-Jonson
damping during structural optimization. [44, 45]
In the context of photocatalysis the energy positions of
the valence band maximum (VBM) and the conduction
band minimum (CBM) are the key. To efficiently use the
photogenerated electrons and holes, the CBM should be
higher (more positive) than the H+/H2 reduction poten-
tial, and the VBM should be lower (more negative) than
the oxidation potential of O2/H2O. These are −4.44 and
−5.67 eV, respectively, with respect to the absolute vac-
uum level. Alternately, the water redox potentials are
referenced with respect to the normal hydrogen electrode
(NHE), H+/H2 to 0.0 eV and O2/H2O to 1.23 eV. The
standard approach was employed to reposition the band
edges with respect to the vacuum level V (∞), which is
the electrostatic potential in the vacuum region far from
the 2D material.
RESULTS AND DISCUSSION
We begin our discussion with pristine SLP in the
photocatalytic context. SLP has a puckered honey-
comb structure resulting from covalently bonded sp3
phosphorus atoms along with a pair of lone-pair elec-
trons. The quasiparticle gap is experimentally mea-
sured to be in 2.05−2.20 eV range through scanning tun-
nelling spectroscopy and photo-luminescence excitation
spectroscopy. [26, 46] While it is known that the conven-
tional exchange-correlational functionals underestimate
the gap (PBE: 0.95 eV), [24] the HSE06 hybrid func-
tional (1.4 – 1.7 eV)[25, 47, 48] and many-body perturba-
tion based GW (2.00 – 2.25)[49, 50] calculations improve
the results. As the GW calculations are computationally
very expensive for the systems that we have investigated
in this paper, we resort to HSE06 functional throughout
the present investigation for electronic structure. The
PBE-D3 optimized lattice parameters, a (zigzag) = 3.29
A˚ and b (armchair) = 4.45 A˚ compare well with the bulk
black phosphorous. [51] The calculated HSE06 gap of 1.41
eV is in agreement with the previous calculations. [25]
While the CBM of pristine SLP is more negative than
H+/H2 redox potential, the VBM is not more positive
than O2/H2O oxidation potential (1.23 eV with respect
to NHE). Thus, at ambient conditions, SPL is capable
of catalyzing only half of the reaction, while in alkaline
medium it catalyzes both the half-reactions. These re-
sults are in agreement with a previous report, which also
indicate that strain engineering may improve the photo-
catalytic properties. [29]
Isolated impurities
Next we investigate the absorption O, S, and N with
SLP, which naturally reacts with these impurities due to
the presence of lone-pair electrons. Possible absorption
3Absorption site Ea (eV)
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FIG. 1. Different absorption sites on single layer phosphorene, (a) Dangling (b) interstitial bridge (c) horizontal bridge, and
(d) diagonal bridge. (e) Binding energies of single impurity are tabulated, which indicate the dangling site absorption to be
preferable for all impurities. Bonding charge density is calculated as ∆ρ(r) = ρSLP+X(r)− ρSLP(r)− ρX(r), and are shown in
(f), (g), and (h) for O, S, and N, respectively. Blue (red) color indicate electron depletion (accumulation). The charge densities
are shown for 0.05 e/A˚3 isodensity. Bader population analysis of the charge density indicate P→X charge transfer (CT), and
the impurity bonding is linearly correlated with the charge transfer.
sites are shown in Figure 1(a)-(d). These impurities are
chemisorbed on SLP with strong binding energies [Fig-
ure 1(e)], and are absorbed in a dangling configuration
[Figure 1(a)]. Absorbed oxygen bonds with a single phos-
phorus atom with a short P−O bond of 1.51 A˚ and very
strong binding energy of -5.68 eV. According to Pauling
electronegativity of P and O atoms, the P−O is polar
covalent, which is evident from the bonding charge den-
sity and Bader population analysis [Figure 1(f)], which
indicate a large P → O charge transfer of 1.31e. These
results are in agreement with an earlier report. [52] The
O absorption at the interstitial bridge site with P−O−P
bond is a metastable configuration with 0.54 eV higher
energy. Here O lies between the two half-layers forming
two P−O bonds, 1.65 and 1.69 A˚ and 130◦ P−O−P bond
angle. The overall results are in agreement with recent
X-ray photoemission spectroscopic measurement, which
indicates the abundance of P−O bonds over P−O−P
bonds. [36] Similarly, sulfur is absorbed at the dangling
site, however, the binding energy is much smaller than
O absorption. This can be explained as the electroneg-
ativity of P and S atoms are comparable, and thus the
corresponding P−S bond is nonpolar and longer (1.95
A˚). This is further corroborated by the bonding charge
density, which indicates nonpolar covalent P−S bonding,
and Bader analysis indicate only 0.64e charge transfer
from P to S [Figure 1(g)]. Similar to O and S, nitrogen
is absorbed at the dangling site, however which forms
two P–N bonds with 1.62 and 1.68 A˚ distances. As the
electronegativity of N is intermediate of O and S, the
chemisorption energy is also found to be intermediate
[Figure 1(e)], and the resulting bond is polar covalent
[Figure 1(h)]. The corresponding P → N charge transfer
is found to be 1.28e, which is commensurate with bond-
ing. Note that for all impurities, absorption at the var-
ious bridge sites [Figure 1(b)-(d)] are found to be much
higher in energy [Figure 1(e)].
Impurity coverage
Having discussed the individual impurity absorption,
we now turn our attention to impurity coverage Θ 6
1 ML, and investigate their electronic structure, band
alignment and optical properties. First, we calculate the
binding energy with varied impurity coverage, which is
a tricky task as there might be several possible configu-
rations for a particular coverage. Here, we consider only
one sided absorption, as if the SLP is placed on a non-
interacting substrate. Impurities are chemisorbed at the
most stable dangling site [Figure 1(e)]. Representative
configurations for different coverages are shown in Fig-
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FIG. 2. Representative configurations for impurity coverages shown for oxygen and sulfur, (a) Θ = 0.25 ML – 4×1, (b) Θ =
0.25 ML – 2×2, (c) Θ = 0.5 ML – 2×1, and (d) Θ = 1 ML – 1×1. Other configurations are shown in Supporting Information.
Impurities are absorbed at the dangling site. (e)-(g) Calculated binding energy with varied impurity coverage Θ 6 1. Regardless
the impurity type, the optimal coverage is found in the 0.25 – 0.5 ML range, which optimize the impurity–phosphorene bonding,
Coulomb interaction between the impurities and the induced strain in SLP lattice.
ure 2(a)-(d) for Θ = 0.25, 0.5 and 1 ML. Other configu-
rations are shown in Supplementary Information. Apart
from the chemical interaction between the impurity and
SLP, the impurity binding energy will be affected by var-
ied coverage through Coulomb interaction between the
impurities, and the strain developed in the SLP lattice
due to impurity loading. For oxygen, the optimal cover-
age is found to be between 0.25 to 0.5 ML, and beyond
which calculated binding energy decreases [Figure 2(e)].
While the 4×1 configuration is found to be most sta-
ble for 0.25 ML oxygen, the 2×2 impurity configuration
lies only 5 meV/O higher in energy. In contrast, the 1×4
configuration lies much higher (113 meV/O) for the same
coverage. For 0.5 ML oxygen, 2×1 configuration is found
to be the ground state, which is 37 and 93 meV/O lower
in energy than the corresponding c(2×2), and 1×2 impu-
rity configurations, respectively. Further, when the cov-
erage is increased to 1 ML, oxygen binding is destabilized
by 82 meV/O compared to isolated impurity absorption
(Figure 1). It should be noticed here that the P−O bond
length does not change (∼ 0.1%) due to increased oxygen
loading (Supporting Information). In contrast, for the
most stable configurations with increasing oxygen cover-
age, the lattice parameters increases by 0.8% and 2.7%
along a (zigzag) and b (armchair) directions for 1 ML
compared to the pristine SLP.
The picture is qualitatively similar for sulfur, and the
binding is maximum for 0.25 – 0.5 ML coverage [Fig-
ure 2(f)]. For 0.25 ML sulfur, the 2×2 configuration is
preferred, while the competing 4×1 is 26 meV/S higher.
With increasing coverage at 0.5 ML, the 2×1 configu-
ration is the ground state, which is 35 meV/S lower in
energy than the corresponding c(2×2) configuration. Be-
yond 0.5 ML coverage, sulfur binding decreases rapidly.
The change in P−S bond length and a do not show any
noticeable change till 0.5 ML coverage, whereas b in-
creases monotonically by 4.3% (Supporting Information).
However, at 1 ML coverage, the P−S bonds are increased
by 0.05 A˚, while a and b lattice parameters are increased
by 2.9 and 6.7%, respectively, compared to pristine SLP.
Thus, induced strain is larger for sulfur compared to oxy-
gen coverage.
The binding energy is found to be maximum around
0.5 ML N-coverage [Figure 2(g)]. For 0.5 ML coverage,
the 2×1 configuration is found to be the most stable over
other configurations with binding energy 23 meV and
340 meV/N lower than the c(2 × 2) and 1×2 configu-
rations, respectively. Beyond 0.5 ML coverage, Eb de-
creases much rapidly with varied coverage unlike oxygen
and sulfur. Compared to 0.5 ML coverage, the calculated
Eb increases by 367 and 547 meV/N for 1 ML and 0.125
ML coverages, respectively. In contrast, such increase
is found to be much smaller (below 150 meV/dopant)
for O and S coverages [Figure 2(e)-(g)]. We argue this
feature to be connected to the lattice strain developed
due to N-loading, which we notice to be much differ-
ent from the cases with O and S doping, where only a
tensile strain is developed in both zigzag and armchair
direction. In contrast, a tensile and a concurrent com-
pressive strains are developed along zigzag and armchair
directions, respectively (Supporting Information), which
monotonically increases with increasing coverage. For
51ML N-coverage, the SLP lattice parameters increase by
3.7% (tensile strain) along the zigzag direction, while the
same decreases by 5.3% (compressive strain) along the
armchair direction.
It would be interesting to investigate the differential
effects of induced strain on the impurity binding. It
is known that due to puckered nature along the arm-
chair direction, the SLP can easily accommodate large
strain along this direction, while the zigzag direction
is relatively stiffer. [53] In this regard, we have calcu-
lated the strain energy relative to the pristine SLP, Es
= [E′(SLP) − E(SLP)]/area, where E and E′ are the
energies of pristine and distorted SLP due to impurity
loading. Calculate strain energy increases monotonically
with impurity loading, and is much smaller compared the
corresponding impurity binding energy (Supporting In-
formation). For any coverage, we find EOs < ESs < ENs ,
which is commensurate with the respective changes in
their lattice parameters due to impurity absorption. For
example, while Es is comparable for Θ= 0.5 ML O and S
coverages (75 and 105 mJ/m−2, respectively), the same
for N-coverage is much larger to 570 mJ/m−2. Further-
more, it is found that impurities repel each other due to
Coulomb interaction while the separation fall below a 4
A˚ distance, and consequently binding energy decreases.
Electronic structure and band alignment
The band structure of pristine SLP has been stud-
ied extensively in literature using various theoretical
hierarchy and accuracy, [24, 25, 47–50] and the opti-
cal and quasiparticle gaps have been experimentally es-
timated. [26, 46] As conventional exchange-correlation
functionals underestimate the band gap, we use hybrid
HSE06 functional throughout the paper. Further, mag-
nitude of the gap, and the corresponding energy positions
of VBM and CBM are necessary for photocatalytic ap-
plications. In this context, as we have discussed earlier,
pristine SLP catalyze only the H+/H2 half of the wa-
ter oxidation, while O2/H2O reaction is not possible due
to improper energy position of VBM (Figure 3). The
calculated gap of 1.41 eV is in good agreement with the
previous calculations within similar theoretical hierarchy.
[25, 47, 48] Here, we investigate to tune the gap and the
corresponding VBM/CBM alignment with varied adatom
coverages Θ 6 1 ML.
We start discussion with varied oxygen coverage, which
does not introduce any electronic states in the gap and
the composite system remain semiconducting. Calcu-
lated gap shows an overall non-monotonous variation.
With increasing oxygen coverage, the gap first increases
monotonously to 1.95 eV for 0.5 ML coverage, however
which decreases to 1.68 eV for 1 ML oxygen. It is evi-
dent from the density of states (DOS) that both VBM
and CBM originate from the P-pz orbital for pristine
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FIG. 3. Band-edge positions of single layer phosphorene
with varied oxygen and sulfur coverage at ambient conditions.
These are calculated with hybrid HSE06 exchange-correlation
functional and rescaled to the vacuum level and NHE. The re-
dox potentials of H2O is marked with the dashed lines. The
band-edge positions for SLP with 0.33 and 0.5 ML oxygen
and sulfur coverages are such that they catalyze both the half
reactions.
SLP, and this picture remains unperturbed with increas-
ing oxygen coverage till 0.5 ML. We do not observe any
contribution from oxygen to the band edges. However,
for 1 ML coverage, hybridizied P-py and O-py contribu-
tion is observed in addition to P-pz orbital at the valence
band edge. Furthermore, the conduction band edge com-
pletely changes its character to P-px.
With increasing coverage, the band edges come down
in energy (Figure 3) and the band-edge positions are such
that for 0.33 and 0.5 ML become susceptible to catalyze
both the water oxidation reactions. We have further in-
vestigated the oxidizing power ∆VBM = (EVBM + 5.67)
eV, and reducing power ∆CBM = (ECBM+4.44) eV. This
is the energy measure of how negative (positive) the VBM
(CBM) lies with respect to the respective redox potential.
A large difference between ∆VBM and ∆CBM imbalances
the oxidation and reduction reactions, which inhibit fur-
ther redox reaction. Thus, similar ∆VBM and ∆CBM is
required for overall catalytic efficiency. In this context,
the SLP with 0.33 ML coverage (∆VBM = −0.26 eV and
∆CBM = 0.38 eV) is expected to be a better catalyst
than that with 0.5 ML coverage (∆VBM = −0.62 eV and
∆CBM = 0.10 eV). The case with 0.25 ML coverage is
6interesting. While the VBM is unfavorable with being
slightly positive (0.06 eV) compared to the oxidation po-
tential, the CBM shows preferable alignment. However,
increased pH of the solution will align the VBM in this
case, as the redox potentials shift higher in energy by
pH×0.059 eV. [54] Thus, in a moderate pH 5 solution,
both VBM and CBM align preferably with equivalent
∆VBM = −0.24 eV and ∆CBM = 0.15 eV, which indi-
cate a balanced redox reactions. Although coverages be-
low 0.25 ML are not thermodynamically preferable [Fig-
ure 2(e)], at moderate pH 5, structures with 0.0625 ML
(∆VBM = −0.03 eV and ∆CBM = 0.25 eV) and 0.125 ML
(∆VBM = −0.08 eV and ∆CBM = 0.26 eV) O-coverages
are favourable to redox reactions.
Next we discuss oxygen coverage on bilayer phospho-
rene (BLP), for which we consider the natural AB stack-
ing that is energetically favorable. Calculated lattice pa-
rameters, within the PBE-D3 functional, are 3.30 and
4.33 A˚ along the zigzag and armchair directions, respec-
tively. Calculated interlayer distance of 5.11 A˚ is in
good agreement with previous quantum Monte Carlo re-
sults. [55] Note that here we have considered one-sided
oxygen coverage only. While the lattice parameter along
the zigzag direction is not perturbed by O coverage,
the same along the armchair direction monotonically in-
creases to 4.48 A˚ for 1ML coverage. The calculated
binding energy with varied coverage show the same qual-
itative trend as discussed for the SLP [Figure 2(e)], while
the binding is about 50 meV higher in case of BLP. The
dangling dP−O does not change upon increasing O load-
ing, which remain at 1.51 A˚.
Compared to pristine SLP, the band gap decreases in
pristine BLP to 1.10 eV, calculated within hybrid HSE06
functional, which is in good agreement with the previous
reports. [25, 56] The trend in band gap with increasing O
coverage for BLP shows similar qualitative trend as it is
discussed for SLP earlier (Supporting Information). The
gap increases with increasing coverage till 0.5 ML to 1.44
eV, however, it decreases with further increase in cover-
age (1.32 eV for 1 ML). Similar to the trend observed in
SLP, the band edges come down in energy with increas-
ing coverage, and the BLP with 0.5 ML oxygen coverage
becomes capable to catalyze both redox reactions with
balanced oxidizing and reducing power (∆VBM = −0.09
eV and ∆CBM = 0.08 eV). Note that for Θ 6 0.25 ML
coverage, BLP catalyzes only one half of the complete re-
action, H+/H2. However, for 0.25 ML O-coverage, BLP
is predicted to catalyze both the half reactions at a mod-
erate pH 4 solution (∆VBM = −0.08 eV and ∆CBM =
0.09 eV).
Motivated by our results with oxygen coverage, we
have further investigated the role of sulfur. The calcu-
lated binding energy is maximum for 0.25–0.5 ML sulfur
coverage, as we have discussed earlier [Figure 2(f)]. Sim-
ilar to the trend observed for oxygen coverage, absorbed
sulfur does not introduce any midgap states at any cov-
erage 6 1 ML that are studied here, and the composite
systems remain semiconducting (Figure 3). The calcu-
lated gap monotonically increases with increasing cover-
age, 1.5 eV for 0.0625 ML to 1.83 eV for 0.5 ML coverage.
However, the calculated gap for 1 ML coverage is severely
reduced to 0.74 eV. Interestingly, we find for 0.33 and 0.5
ML sulfur coverages, the band edges align such that these
systems become catalytically active. The corresponding
oxidation and reduction powers are found to be ∆VBM
= −0.09 eV and ∆CBM = 0.35 eV for 0.33 ML coverage,
and the same for 0.5 ML are −0.36 and 0.24 eV, respec-
tively. In contrast, the structures with 0.125 ML (∆VBM
= −0.07 eV and ∆CBM = 0.28 eV) and 0.25 ML (∆VBM
= −0.17 eV and ∆CBM = 0.21 eV) S-coverages become
favourable to redox reactions at moderate pH 5 only.
The downward shift in band edges after O/S coverage
is crucial for phosphorene to exhibit photocatalytic ac-
tivity (Figure 3). The shift originate from the change
in electron environment at the vacuum-phosphorene in-
terface. [57] Due to P→O/S charge transfer, O and S
have surplus electron, and the electron-rich environment
at the surface induces a dipole that leads to altered band
alignment with respect to the vacuum. Further, the work
function ϕ, which is the energy difference between the
vacuum level V (∞) and the Fermi energy, show mono-
tonic increase with increasing O/S coverage. This is
again due to the dipole formation between SLP and O/S
impurity. Calculated ϕ for SLP, 0.0625, 0.125, 0.25, 0.33,
0.5, 1 ML O-coverages are 4.86, 4.93, 5.07, 5.10, 5.50, 5.84
and 6.28 eV, respectively, whereas ϕ monotonically in-
creases to 5.65 eV for 0.5 ML S-coverage. Such tuneable
work function by impurity coverage will have desirable
impact on functional device applications.
Next we investigate nitrogen coverage on SLP, and find
that the composite system with ∼ 0.5 ML coverage is
thermodynamically most stable [Figure 2(g)]. Unlike O
and S coverages, nitrogen introduces states at the Fermi
level for most of the coverages studied here except of
0.33 and 0.5 ML (Supporting Information). These are
found to be semiconducting with 1.40 and 1.66 eV gap,
respectively. For 0.5 ML coverage, the VBM and CBM
align properly with ∆VBM = −0.07 eV and ∆CBM = 0.36
eV. In contrast, for 0.33 ML, the band edges align only
at pH 9 solution with ∆VBM = −0.07 eV and ∆CBM =
0.10 eV.
Optical and excitonic properties
The frequency dependent complex dielectric tensor,
ε(ω) = ε′(ω) + iε′′(ω), has been used to calculate the
optical properties. The imaginary part ε′′(ω) of the lin-
ear dielectric tensor is calculated in the long-wavelength
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FIG. 4. Optical absorption coefficients Λ for linearly polar-
ized incident light along the (a) armchair, and (b) zigzag di-
rection calculated with HSE06 hybrid exchange-correlation
functional. Pristine SLP and BLP are compared with differ-
ent oxygen coverages. The vertical lines correspond to the
absorption edge calculated from the Tauc plots. Anisotropic
nature of optical absorption is retained with oxygen cover-
age along with very high absorption coefficient Λ ∼ 105 cm−1
in the visible optical range. While the absorption edge is
shifted to higher energy for the light polarization along the
armchair direction, it is reversed for the incident light polar-
ization along the zigzag directions.
q→ 0 limit within the random phase approximation, [58]
ε′′αβ(ω) =
4pi2e2
Ω
lim
q→0
1
q2
∑
c,v,k
2wkδ(ck − vk − ω)
× 〈uck+eαq|uvk〉〈uck+eβq|uvk〉∗,
where the factor 2 inside the summation accounts for the
spin degeneracy, Ω is the volume of the primitive cell, and
ωk are k-point weights. The ck (vk) are k-dependent
conduction (valence) band energies, uck,vk are cell peri-
odic part of the pseudo-wave-function, and eα,β are unit
vectors along the Cartesian directions. The correspond-
ing real part ε′(ω) is calculated using Kramers-Kronig
transformation. The absorption co-efficient Λαα(ω) =
2ω
c [|εαα(ω)| − ε′′αα(ω)]
1
2 is calculated using the hybrid
HSE06 exchange-correlation functional.
The electronic structure of phosphorene is anisotropic
along different crystallographic directions. Thus, a
strong anisotropic optical absorption is expected while
the incident light is linearly polarized along the armchair
and zigzag directions of phosphorene (Figure 4). Pristine
SLP and BLP show strong dichroism. For the incident
light polarized along the armchair direction, the absorp-
tion peak is formed at the bandgap (1.41 eV for SLP),
which show a sharp layer dependence (1.10 eV for BLP).
In contrast, for the light polarized along the zigzag di-
rection, the optical absorption peak is found at ∼ 3.22
eV for SLP, which does not show strong layer dependence
(3.14 eV for BLP). The overall trend is in good agreement
with previous reports. [25] The anisotropic nature of opti-
cal absorption remains intact upon oxygen coverage, and
both SLP and BLP show similar features upon oxygen
coverage. The absorption edge shifts to higher energy
with increasing coverage for the light polarization along
the armchair direction [Figure 4(a)]. In contrast, the
same shifts to lower energy for light polarization along
the zigzag direction [Figure 4(b)]. Further, the high ab-
sorption coefficient is unaffected by the oxygen coverage
reported in Figure 4 and remains ∼ 105 cm−1 for visible
light absorption.
For S coverage, the optical properties show similar
qualitative trends that are discussed for oxygen cover-
age (Figure 4), and shown in the Supporting Informa-
tion. The absorption remains anisotropic in armchair
and zigzag directions. For S coverage with Θ 6 0.50, the
absorption edge is blue shifted for the incident light po-
larization along the armchair direction, as the band gap
increases compared to pristine SLP (1.66 and 1.86 eV for
0.33 and 0.5 ML coverages, respectively). In contrast,
the absorption is red shifted for light polarization along
the zigzag direction with the absorption edge at 3.05 and
2.90 eV for 0.33 and 0.5 ML coverages, respectively. For
both cases that are conducive to water oxidation (Fig-
ure 3), the absorption coefficient is found to be very high
105 cm−1 within visible light excitation (Supporting In-
formation).
Next, we investigate the excitonic properties in phos-
phorene derivatives, which are conducive to water split-
ting. The exciton binding, the bound state energy of
an electron-hole pair, is an important metric for pho-
tocatalytic efficiency. However, a rigorous treatment
within many-body theory with Bethe-Salpeter equation
is practically impossible due to exceptional computa-
tional cost. In contrast, here we use a simplified hydro-
genic model for anisotropic two-dimensional materials,
which has been proved to provide results with very rea-
sonable accuracy.[59–61] The parameters in this model,
effective hole and electron mass along different crystal-
lographic directions, and dielectric constant at zero fre-
quency are calculated using HSE06 exchange-correlation
functional. The obtained results for pristine SLP and
BLP are in excellent agreement with previous GW-BSE
results [49, 50, 62] and experimental measurement. [26]
The calculated exciton binding Eexb is 0.76 eV, which con-
firm strongly bound exciton in SLP. Further, the exciton
extension, Rexarm and Rexzig, is found to be anisotropic with
12.20 and 4.88 A˚, along the armchair and zigzag direc-
tions, respectively. Impurity coverage affects both exci-
ton binding and extension. The exciton binding increases
in phosphorene with impurity coverage, and further in-
creases with increasing coverage. For example, Eexb =
0.87 and 0.92 eV for 0.33 and 0.5 ML O-coverage, re-
spectively; whereas the same for S-coverage are found to
be 0.90 and 1.13 eV, respectively. In contrast to pris-
8tine SLP, the excitons become more localized in these
systems, Rexarm = 9.73 A˚ and Rexzig = 3.99 A˚ for 0.5
ML O-coverage, while the same for 0.5 ML S-coverage
are calculated to be 6.94 and 5.34 A˚, respectively. On
the other hand, with increasing layer thickness in BLP,
Eexb decreases to 0.48 eV, which is 0.75 eV for the 0.5
ML O-BLP system. A large exciton binding may lead to
higher recombination and detrimental to photocatalytic
application. On the other hand, in these complexes, the
very large electron/hole mobility with concurrent effec-
tive mass may lead to quick charge separation, and could
be consumed in the respective catalytic reaction.
CONCLUSIONS
In the context of metal-free photocatalyst, a compre-
hensive investigation of electronic and optical proper-
ties of phosphorene derivatives is performed within first-
principles calculations. The N, O and S adatoms bind
strongly on the two-dimensional phosphorene, and pref-
erentially bind at the dangling site. Further, the binding
energy show strong coverage dependence, and 0.25–0.5
ML coverages are found to be most stable. The differen-
tial contribution of induced strain due to impurity load-
ing has been discussed. Impurity binding does not intro-
duce midgap impurity states, and the composite system
remains semiconducting. At certain coverages (0.33 –
0.5 ML), which are also thermodynamically stable, the
band edges align with the redox potentials for water split-
ting. Moreover, the absorption coefficient is found to be
very high 105 cm−1 within the visible absorption range.
Further, the layer dependence of band alignment and op-
tical properties are investigated in bilayer phosphorene,
and the same is found to be capable of oxidation and re-
duction reactions at 0.5 ML oxygen coverage. Further,
we investigate the excitonic properties of the composites
conducive to water splitting and compared with the pris-
tine phosphorene. While two-dimensional phosphorene
has been already proposed for potential applications in
electronic and optoelectronic applications, the current in-
vestigation open up the possibility of using phosphorene
derivatives as metal-free photocatalyst. [36] We hope the
current study will simulate further theoretical and exper-
imental investigations to take a complete advantage of its
outstanding potential.
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